Four new ruthenium phthalocyanine complexes bearing axial ligands with thioacetate groups that facilitate thin film formation on gold surfaces are presented. STM images and surface coverage data obtained by solution inductively coupled plasma mass spectrometry (ICP-MS) experiments show that peripheral and axial ligand substituents on the complexes have a significant effect on their surface coverage. A laser ablation ICP-MS technique is described here for the first time that provides information about thin films across macro-sized areas. Using the technique, the maximum surface coverage of a ruthenium phthalocyanine complex was found to occur within one minute of gold substrate immersion in the complex-containing solution.
Introduction
Thin films and monolayers of molecules adsorbed to surfaces have generated sustained interest due to applications in fields such as molecular and biomolecular recognition [1] , corrosion protection [2] and patterning [3] . Alkanethiols are the most studied class of compounds for thin films on gold as they readily bind to the surface and the molecules may form ordered surface structures [4] . There are, however, far fewer examples of monolayers and thin films containing transition metal complexes and only a few examples of ruthenium phthalocyanine (PcRu) complexes bound to surfaces [5] [6] [7] [8] [9] [10] . This class of complex offers interesting electronic and optical properties that may be utilized in a variety of applications [5, 11] . Four new complexes ( Figure 1 ) are presented here that bear a functionalized pyridine axial ligand through which the complexes can bind to gold. Any development of thin film based technology using molecules is heavily reliant upon an ability to accurately analyze and characterize the molecular films. There are numerous analytical tools [12] available to the researcher, including electronic (e.g. X-ray photoemission spectroscopy), structural (e.g.
infrared spectroscopy, X-ray diffraction) and microscopic (e.g. scanned probe microscopy) techniques.
Here we report for the first time a new method for the analysis of thin films containing the transition metal ruthenium by laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS). LA-ICP-MS is a relatively new technique that is used for the analysis of solid samples. The sample material is vaporized in a focused laser beam and transported with argon gas into the inductively coupled plasma ion source of an ICP-MS. The technique offers several advantages including little or no sample preparation and no solvent interferences, and importantly is able to give information about spatial distributions of elemental profiles [13] . This technique, coupled with scanning tunneling microscopy (STM) and a solution-phase ICP-MS technique allows for a detailed investigation of the coverage of surface-bound molecules. In general, mass-spectrometry techniques offer exciting new possibilities in the analysis of surface-bound molecules [14] . Of relevance to the current work, ICP-MS has been utilized in the characterization of thin films of antimony on gold [15] and silicon [16] where the entire thin film was desorbed from the substrate and the resultant solution analyzed to obtain the number of atoms in the film. This solution-based technique is extremely sensitive although it does not yield any information about spatial features of the thin film being analyzed. 
Results and Discussion
Scheme 1. Synthesis of the monomeric complexes 1 -4.
Synthesis and characterization.
The synthesis of the four new ruthenium phthalocyanine complexes is shown in Scheme 1. These complexes were chosen for investigation because, (i) as shown below, ruthenium is a sensitive probe for ICP-MS, (ii) the Pc ligand strongly binds the metal ensuring the probe metal atom remains coordinated during thin film formation, and (iii) the complex bearing thioester groups that facilitate binding to gold surfaces is readily synthetically accessible. groups that enable the complex to bind to gold surfaces after hydrolysis of the acetyl group, which is included to facilitate purification of the complex using silica gel column chromatography. Complex 1 was obtained by precipitation from the reaction mixture upon completion of the reaction. Complex 2, which bears solubilizing peripheral tert-butyl groups, required column chromatography for purification.
In the synthesis of the axially unsymmetrically substituted complexes, 3 and 4, both ligands were added at the same time and each reaction resulted in a mixture of three complexes; the bis-S-(pyridin-4-ylmethyl)ethanethioate and bis-4-tert-butylpyridine complexes, and the desired axially unsymmetrical complexes, which were separated using column chromatography. Thus, yields of the unsymmetrical complexes were relatively low. However, given that the expected statistical ratio of the three complexes is 1:1:2, respectively, the theoretical yields of 3 and 4 are half those of 1 and 2. On this basis, the yields of 3 and 4 are comparable to those of 1 and 2.
The 1 H NMR spectra of complexes 1-4 are typical of axially substituted ruthenium phthalocyanine and tetra-tert-butyl phthalocyanine complexes [5] . The macrocyclic protons of 1 and 3 appear as two AA'BB' patterns at low field. Tetra-substitution of 2 and 4 leads to three macrocyclic resonances which are broadened by the mixture of four positional isomers [5] . The complexes 1-4 have electronic spectra characteristic of ruthenium phthalocyanine complexes [5] .
They display intense Soret bands with maxima at 314 -316 nm with an accompanying low-energy shoulder, and Q-bands with maxima at 624 -633 nm and accompanying high-energy shoulders. The
Soret bands remain at relatively constant energies across the series of complexes while the energies of the Q-band maxima vary somewhat between the complexes. This is illustrated in the UV-vis spectra of complexes 1 and 2 shown in Figure 2 . Bathochromic shifts of the Q-band of ~160 cm -1 are caused by the peripheral tert-butyl groups. comparison with four-coordinate ruthenium phthalocyanine is not possible as this complex does not exist in monomeric form but rather as a dimer, (RuPc) 2 [5] . However, Huc et al [7] reported a coverage (a) (b)
Thin film experiments.

nm 9 nm
of ~5 x 10 13 molecules cm -2 estimated by UV-vis spectroscopy for a six-coordinate ruthenium phthalocyanine complex bound to gold by an axial ligand exchange reaction with a pyridine-modified substrate. In contrast to 1, STM images of thin films of 4 (see Figure 4 ) reveal a lack of molecular ordering.
Features in the STM images corresponding in size to individual molecules are visible but neither the row-type structures seen in 1 nor the regular patterns seen in the four-coordinate metal Pcs are observed.
A factor that may influence the surface ordering involves the inclusion of the four peripheral tertiary butyl groups that may lead to four possible positional isomers of the (t-Bu) 4 Pc ring. These isomers were unable to be separated and thus the potential for ordering of these complexes is somewhat limited.
Although STM can provide useful data about coverage and ordering over small areas, extrapolating the data to the whole surface may not be valid as film may not be uniform throughout. We therefore quantitatively determined the total number of surface absorbed molecules using a solution ICP-MS technique [21] . Films were completely dissolved in aqua regia, and the amount of ruthenium in the resulting solution was quantified using ICP-MS. Surface density was then calculated by dividing the
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total amount of ruthenium (there is one ruthenium atom per molecule) by the area of the gold substrate.
The results are shown in Table 1 . 
Gold
Glass the gold substrate resulted in an isobaric interference. We note that trace amounts of silver were also detected in the gold substrates. However, isotopes exist for all transition metal elements that are free from interference from palladium and silver isotopes. Thus, in general, the utility of the technique is not compromised by the presence of these two contaminants. Importantly, the intensity of the 101 Ru signal is proportional to the density of ruthenium atoms on the gold surface, and therefore can provide information about the coverage of molecules on the surface. The technique required no additional sample preparation, there were no solvent or matrix interferences, and information about the spatial distribution of the probed elements was obtained. A control experiment using [{(t-Bu) 4 Pc}Ru(4-pyNO 2 ) 2 ] [23], a complex with no surface binding groups, showed that an insignificant amount of the compound remained on the surface after washing; an intensity ratio 15 times less than the sulfur-containing complex was recorded.
As mentioned above, the 101 Ru signal intensity is proportional to the density of ruthenium phthalocyanine molecules in the thin film. Surface densities were not determined quantitatively using the LA ICP-MS method but the data provide valuable information on the relative densities of the films.
Data were normalized to a molybdenum impregnated glass standard (NIST 612 SRM) to account for any signal intensity variability between measurements. The LA ICP-MS results for 1-4 are presented in Table 1 as the intensity ratio of the 101 Ru signal to the standard 97 Mo signal.
Pair-wise comparison of 1 and 2, and 3 and 4, shows that peripheral substitution of the Pc ring reduced the intensity ratios recorded for each film. This trend is in good agreement with the ICP-MS surface density data. The highest intensity ratio was recorded for films of 1, which had the highest surface density. Films of 4 gave the lowest intensity ratio in the series and had the lowest surface The LA ICP-MS technique was then applied to gain important insights into the adsorption of 2 on gold. Figure 6 shows the intensity ratios of the 101 Ru isotope versus that of a 97 Mo standard for films prepared by immersion in the complex solution for periods of 1 min up to 23 hours. Interestingly, the films reached a maximum coverage within only one minute of immersion of the substrate in the complex solution; additional immersion time did not increase surface density. Previous studies on the kinetics of thiol-based monolayer formation on gold have reported adsorption times generally in the order of minutes. [24] A two-step adsorption process observed for alkanethiols on gold using ellipsometry [25] , IR [26, 27] and X-ray spectroscopies [28] involves an initial rapid adsorption of molecules onto the gold surface (within one minute) resulting in an imperfect monolayer. A second, slower process was proposed whereupon the monolayer undergoes self-organization with little or no change in the total number of thiol molecules adhered to the gold surface. The data collected in the current work are consistent with this timeframe for initial adsorption of the hitherto unreported complex. The LA ICP-MS technique described here for the first time is ideally suited to the analysis of these thin films due to the sensitive nature of the technique as well as the lack of interferences to the Ru isotope analyzed. The method is rapid and reliable and provides information about films across macrosized areas. We have used the technique to study the adsorption of the new complex on gold surfaces and found that maximum coverage occurred within one minute of substrate immersion. We envisage that this technique may find widespread application in the analysis of metal-containing thin films.
Conclusion
Experimental
General.
1 H NMR spectra were recorded using a BVT 3000 Bruker Spectrospin instrument operating at 300.13 MHz. Spectra are referenced internally to residual protic solvent (CHCl 3 , δ 7.26).
UV-visible spectra were recorded using an Agilent 8453 UV-Visible spectrophotometer with dichloromethane used as solvent. Electrospray ionization mass spectra (ESI-MS) were recorded using a 
Surface experiments
Substrates and assembly. Glass slides (10 × 10 mm) were washed by sonicating sequentially in acetone, water (Milli-Q), buffered hydrofluoric acid [31] and then water. The slides were then coated with gold by vacuum deposition using a Denton Turbo deposition system. A 300 nm layer of gold was deposited on the glass substrates at an approximate rate of 2-3 Å/s. Scintillation vials were washed overnight in 30% HNO 3 before being rinsed with water (Milli-Q) and then oven dried. 1 mM dichloromethane solutions of the complexes were prepared in the cleaned vials. Tetrabutylammonium hydroxide (3 mM) was added and the solution sonicated for 5 min before the gold substrate was placed within the vial. The vials were then stored overnight in a nitrogen atmosphere and shielded from light. Nd:YAG laser operating at the fifth harmonic frequency (213nm) with a repetition frequency of 10 Hz and beam diameter of 55 µm. The laser was operated at 25 % power density giving ~0.11 J cm -2 and scanned across the substrate to a speed of 70 µm s -1 . The substrates were secured on a glass slide using doubled sided adhesive tape and mounted on an x-y-z translation stage, which could be manipulated using a computer and monitored by CCD camera. Standard reference material, NIST 612, was also placed in the chamber and ablated prior to the substrate to determine any instrumental changes that may occur between sample runs. The ablated material was transported to the ICP-MS by argon carrier gas. Ru) were monitored by the ICP-MS (Rf Power 1300 W, carrier gas flow 1.2 L/min, plasma gas flow 15 L/min, dwell time 100 ms, scan mode; peak hopping).
Film uniformity was assessed using the Relative Standard Deviation (RSD) calculated from the LA ICP-MS signal generated from ablation across the length of the substrate.
Solution ICP-MS. The area of the thin films was carefully measured and the specimens were then placed in PTFE screw-cap vials. 3 mL of 20% Baseline grade HNO 3 and 0.5 mL of 37% Baseline grade
HCl was added to each sample. Samples were allowed to digest for 1 hour, followed by sonication for 5 minutes. The digests were quantitatively transferred to polypropylene vials and diluted to a known mass using 1% HNO 3 /HCl. ICP-MS analysis was performed on an Agilent Technologies 7500ce instrument fitted with a 'cs' lens system for improved sensitivity. A 5-point calibration curve for 99,100,101,102 Ru was constructed with a range of 0.1 to 10 µg/kg. Correlation coefficients for each isotope were 1.000 with sub ng/kg detection limits.
